v, Hypertonic saline successfully restores systemic hemodynamics in dogs and humans with severe hemorrhagic shock and, in contrast to lactated Ringer's solution, does not increase intracranial pressure (ICP). This study compares cerebral oxygen delivery in 12 dogs subjected to hemorrhagic shock by the rapid removal of blood (mean arterial pressure of 40 mm Hg maintained for 30 minutes), and then resuscitated with lactated Ringer's solution (six dogs) or 7.5% saline solution (six dogs) to restore systolic arterial pressure. Both solutions effectively restored systemic hemodynamic stability, increasing cardiac output and systolic blood pressure while decreasing mean and diastolic arterial pressure and systemic vascular resistance. The ICP was significantly lower after resuscitation in the hypertonic saline group (p < 0.05), but cerebral blood flow, which had decreased during shock, was not restored by either fluid, and cerebral oxygen transport fell further secondary to a hemodilutional reduction of hemoglobin. Although hypertonic saline may improve systemic hemodynamics and maintain a low ICP during resuscitation, it fails, as does Ringer's solution, to restore cerebral oxygen transport to prehemorrhagic shock levels.
R
ECENTLY there has been renewed interest in the use of highly concentrated saline solutions to resuscitate animals and humans from hypovolemic shock. 4' 9"2~ Velasco, et aL, 2~ in a canine model of 30-minute hemorrhagic shock, effectively resuscitated 100% of the animals with 4 ml/kg of an intravenous 7.5 % saline solution (2500 mOsm/liter) after blood loss averaging approximately 40 ml/kg or about 50% of the dog's estimated blood volume. The therapeutic response appeared to be due to vagally mediated reflex venoconstriction, triggered by the arrival of highly hypertonic solutions in the pulmonary vasculature, rather than to osmotic attraction of intracellular fluid into the vascular space. 9 Subsequent experience suggests that 7.5 % saline can effectively treat refractory hypovolemic shock in a clinical population. 4 Hypertonic resuscitation fluids offer potential advantages in patients with hemorrhage caused by closedhead trauma who are at risk for intracranial hypertension. We have found that hypertonic (7.5%) saline solution, used for resuscitation in a shock model similar to that of Velasco and coworkers, 2~ produces a significantly lower intracranial pressure (ICP) after resuscitation than that following resuscitation with sufficient lactated Ringer's solution to produce a similar hemodynamic improvementJ 5 The lower ICP following resuscitation suggests a possible advantage in terms of restoration of cerebral perfusion. After hemorrhagic shock, restoration of blood volume with whole blood does not restore cerebral blood flow (CBF) to control values. 5 Increased ICP produces a significant reduction in cortical blood flow, although midbrain blood flow remains well preserved. 16 In septic shock, intracranial blood flow appears to be increased above shock values, although not to control values, by administration of vasopressors. 3 Any evaluation of the effects of resuscitation measures on CBF must take into account the effects of those measures on arterial oxygen content. In both human and animal models, hemodilution in the ab-sence of shock increases CBF, which partially offsets the reduction in oxygen-carrying capacity. 6'8'11'14 Nonsanguineous therapy for hemorrhagic shock, if it is to be effective in restoring cerebral oxygen transport, should do more than return CBF to baseline values --it should further increase CBF to counteract the effects of reduced hemoglobin (Hb). Hemodilution with dextran restores CBF to nearly control values during resuscitation; it does not produce the further increase that would be necessary to offset a reduction in Hb concentration. 5 Resuscitation with a solution that maintains the decreased level of ICP seen during shock might improve CBF during the resuscitation period. Hypertonic saline is such a solution.
The present study was undertaken to determine if the previously demonstrated reduction in ICP accompanying resuscitation from hemorrhagic shock with hypertonic saline solution is associated with an improvement in CBF and cerebral oxygen transport.
Materials and Methods
Twelve mongrel dogs, each weighing 15 to 25 kg, were used in this study. Animals were handled in a manner consistent with established guidelines for animal research in a protocol approved by the institution's animal care committee. After an overnight fast, the dogs were anesthetized with intravenous pentobarbital, 30 mg/kg, turned Supine, and intubated endotracheally; additional pentobarbital, 5.0 to 10.0 mg/kg, was given as necessary. The animals were ventilated with a tidal volume of 15 ml/kg of 40% inspired oxygen at a rate sufficient to maintain PaCO2 between 35 and 45 mm Hg. Succinylcholine, 4 mg/kg, was given intravenously as needed for muscle relaxation. A right femoral arterial catheter was placed for continuous arterial pressure monitoring, and a left femoral arterial catheter was placed for induction of hemorrhagic hypotension. A flow-directed pulmonary artery catheter was placed via the right external jugular vein using the Seldinger technique. Pressures were recorded through Statham P-23 ID transducers connected to a Grass Model 7D polygraph* on which the systemic arterial systolic and diastolic pressures and the pulmonary artery systolic and diastolic pressures were continuously displayed. Pulmonary artery occlusion pressure was obtained through intermittent balloon inflation. Central venous pressure was measured intermittently.
The animals were then turned to the prone "sphinx" position, and the transducers connected to the arterial and pulmonary arterial catheters were calibrated against a mercury column with the zero level established at the level of the left atrium. After the temporalis muscles had been dissected from the right and left hemicrania, a Richmond subarachnoid bolt was inserted through a * Statham transducer, Model P-23 ID, manufactured by Statham Instruments, Oxnard, California; Grass polygraph, Model 7D, manufactured by Grass Instruments Co., Quincy, Massachusetts.
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0.25-in. twist-drill hole in the mid-parietal area, attached to a Statham P-23 ID pressure transducer with the zero level at the external auditory meatus, and calibrated against a water column. All monitors were adjusted to zero and calibrated periodically.
The CBF was measured using the xenon-133 (133Xe) clearance method, in which 133Xe was dissolved in saline, injected intravenously, and detected via solidstate cadmium telluride gamma ray detectors positioned over each hemicranium. The cranial radioactivity curves were corrected for exhaled 133Xe radioactivity by computer program. The calculations were performed on a Vax computer using a modification of the technique of Austin, et al. 2 The following baseline data profile was obtained: CBF; ICP; systolic and diastolic arterial pressures; mean arterial pressure, calculated as diastolic blood pressure plus one-third systolic minus diastolic blood pressure; cardiac output, calculated using 3 ml of iced injectate and the Edwards 9520A cardiac output computer; pulmonary systolic, diastolic, and mean arterial pressures; and arterial and mixed venous blood gases, measured on an IL Model 213 blood gas analyzer.t Urine output was recorded every 30 minutes.
Other baseline values were calculated as follows: total peripheral resistance = mean arterial pressure + cardiac output x 79.9; arterial oxygen content = PaO2 x 0.0031 + Hb x 1.39 x %Hb saturation; systemic oxygen transport = cardiac output x arterial oxygen content; cerebral perfusion pressure = mean arterial pressure -ICP; and cerebral oxygen transport = arterial oxygen content x CBF + 100, expressed in milliliters of 02/ 100 gm brain tissue/min.
After anticoagulation with 500 IU/kg intravenous heparin, blood was rapidly withdrawn through the left femoral arterial catheter until the mean arterial pressure reached 40 mm Hg. This point was termed "early shock," and a second data profile was obtained. Blood was withdrawn or returned over the next 30 minutes as necessary to maintain mean arterial pressure at 40 mm Hg. At the end of that 30-minute period, a third data profile was obtained and termed "late shock." The animals were then randomly given one of two treatments: six dogs (Group 1) were resuscitated with lactated Ringer's solution, 60 ml/kg given intravenously over 5 minutes; the other six dogs (Group 2) received hypertonic (7.5%) saline solution, 6 ml/kg given intravenously over 5 minutes. (The hemodynamic equivalence of 10 ml of lactated Ringer's solution to 1 ml of hypertonic saline solution had been established in a previous study. ~s) When the fluid had been infused, a fourth data profile, termed "early resuscitation," was obtained. One hour later, a final profile, termed "late resuscitation," was obtained.
t Model 9520A cardiac output computer manufactured by Edwards Laboratories, Santa Ana, California; Model 213 blood gas analyzer manufactured by Instrumentation Laboratory, Inc., 113 Hartwell Avenue, Lexington, Massachusetts. All data were analyzed using multivariate analysis of variance of repeated measures, with p < 0.05 being considered significant for the primary dependent variables (ICP and CBF), and for the calculated dependent variable (cerebral oxygen transport). Two-tailed Student's t-tests were used for comparisons between and within groups. Due to the large number of t-tests performed, p values< 0.05 for secondary variables should not be regarded as proving, but rather as suggesting, possible differences between or within groups. The SAS statistical program ~7 was used to perform all analyses of the data. Table 1 displays the systemic hemodynamic data for both animal groups. Both fluids increased systolic arterial pressure at early resuscitation to near baseline values; systolic pressure was lower after resuscitation with hypertonic saline solution (Group 2), but not significantly so. However, at late resuscitation, systolic pressure was significantly higher in the group resuscitated with lactated Ringer's solution (Group l). Diastolic arterial pressure was also restored by both fluids; a trend toward lower diastolic pressure in Group 2 did not attain statistical significance at either time after resuscitation. Mean arterial pressure, like systolic arterial pressure, was somewhat less well restored at early resuscitation in Group 2, and by late resuscitation had deteriorated to a level significantly below that in Group I. Cardiac output was significantly less well restored in Group 2 dogs at both time intervals after resuscitation. This reduction in cardiac output was accompanied by a trend toward a greater increase in total peripheral resistance. Pulmonary artery occlusion pressure was low in both groups at all time periods. The differences were significant at early shock and late resuscitation. Table 2 shows the oxygen transport data for both animal groups. The Hb level decreased during shock in both groups, although not significantly; there was a significant further decrease during resuscitation with both fluids, that decrease being more prominent in Group 1. The trend toward lower Hb values in Group 1 in comparison to Group 2 barely failed to attain statistical significance (p = 0.067). However, the reduction in Hb was significant within each group. One hour after administration of fluid, Hb had increased in both groups, and the difference between the two was smaller. There were no differences in PaO2 at any time, and the mean PaO2 exceeded 100 mm Hg at all intervals. Changes in arterial oxygen content paralleled changes in Hb. Again, there was a modest decrease during shock, a further decrease immediately after resuscitation, and a slight increase between early and late resuscitation. * The six dogs in Group 1 were resuscitated with lactated Ringer's solution, and the six in Group 2 with hypertonic (7.5%) saline solution. Data for systemic oxygen transport are not reported at early and late shock due to the high variability in thermodilution cardiac output measurements at very low cardiac output levels. For cardiac output data see Table 1 . SEM = standard error of the mean.
Results

Systemic Hemodynamics
Oxygen Transport
t Significantly different at p < 0.05 when Group 1 is compared to Group 2. :~ Significantly different at p < 0.05 compared to baseline within the group.
Systemic oxygen transport was significantly lower in Group 2 at both early (p = 0.023) and late resuscitation (p = 0.032), reflecting a lower cardiac output and arterial oxygen content in this group. Mixed venous oxygen tension decreased similarly in both groups during shock, was well restored at early resuscitation, and then substantially decreased in both groups at late resuscitation. Table 3 summarizes the cerebral hemodynamic data for both animal groups. The ICP was reduced significantly in both groups during shock and was significantly lower in Group 2 at both early (p = 0.01) and late resuscitation (p = 0.02) with hypertonic saline solution.
Cerebral Hemodynamics
In Group 1, ICP showed a trend toward values higher than control at both early and late resuscitation (Fig. 1 left). Cerebral perfusion pressure decreased during shock and was restored to nearly identical values at early and late resuscitation in both groups. Measurements of CBF were obtained at baseline, late shock, early resuscitation, and late resuscitation; the require- * The six dogs in Group 1 were resuscitated with lactated Ringer's solution, and the six in Group 2 with hypertonic (7.5%) saline solution. Data for cerebral blood flow and the derived variable (cerebral oxygen transport) were not obtained at early shock due to the need for frequent adjustment of ventilation during the early resuscitation period. For mean arterial pressure data see Table 1 , and for arterial oxygen content see Table 2 . SEM = standard error of the mean.
t Significantly different at p < 0.02 when Group 1 is compared to Group 2. Significantly different at p < 0.05 compared to baseline within group. w Significantly different at p < 0.01 when Group 1 is compared to Group 2. ment for frequent ventilator adjustment during the early period prevented collection of an adequate number of CBF measurements at early shock. Cerebral blood flow tended to decrease during shock and increased slightly (although not to control values) at early resuscitation; it then declined at late resuscitation to values similar to those at late shock. Cerebral oxygen transport ( Fig. 1 right) declined from baseline in both groups at late shock (p < 0.05); it remained below baseline values at both early and late resuscitation (p < 0.05).
Discussion
Hypertonic crystalloid solutions offer potential advantages over isotonic crystalloid solutions as primary fluid therapy. In patients with extensive bums, hypertonic lactated saline (500 to 600 mOsm/liter) decreased the administered water load and the amount of peripheral edema developing at the expense of a mild clinically unimportant increase in serum sodium. 12' 13 In a sheep model of extensive full-thickness bums, hypertonic fluid therapy decreased pulmonary lymphatic flow and, inferentially, may have decreased the accumulation of pulmonary edema. 7 Hypertonic lactated saline similar in composition to that used in burn patients has also been studied in patients undergoing aortic surgery. In those patients its use was associated with a decreased intrapulmonary shunt in the immediate postoperative period compared to use of conventional crystalloid solutions. ~8 In animal models of shock, small volumes of hypertonic saline have produced sustained hemodynamic improvement and survival after severe hemorrhage. 9'2~ Despite an initial decrease in Hb in those studies, the return of Hb toward control values suggested that most of the effect of hypertonic solutions was related to venoconstriction, arterial dilation, and a possible increase in myocardial contractility. 2~ The effect did not occur if hypertonic solutions were administered intra-arterially or in the presence of vagal blockade, which suggested that a pulmonary reflex mechanism was involved in the hemodynamic alterations. 9
There has been little investigation of the effects on ICP and CBF of the hypertonic solutions employed for resuscitation from shock, in contrast to many studies of the effects of hypertonic fluids in animals without shock. 1J9'21 '22 Intracranial pressure, which decreases during hemorrhagic shock, may return toward and above baseline values if resuscitation is carried out with conventional crystalloid solutions, but it will remain at shock values if hypertonic saline (2500 mOsm/liter) is used to achieve a similar increase in blood pressure and cardiac output. 15 The physiological basis for this difference may be an increase in brain water content during isovolemic hemodilution with lactated Ringer's solution, in contrast to a decrease in brain water during hemodilution with hypertonic fluid. ~9 A tendency to maintain a lower ICP is a potential advantage in patients with decreased intracranial compliance or with frankly increased ICP; that is, patients with severe closed-head trauma or intracranial hematoma and associated major blood loss due to other injuries.
We chose to study the highly hypertonic solution that was studied in detail by Velasco, et al., 4"9" z~ because that solution has already been employed in human shock without apparent ill effects attributable to its administration 4 and because the hemodynamic improvement produced by hypertonic saline solution is sustained over prolonged time periods and appears not to be terminated by a redistribution of fluid within the vascular tree. 2~ Our results demonstrate that hypertonic (7.5 %) saline solution can acutely improve systolic, diastolic, and mean arterial pressures after hemorrhagic shock. However, it restored blood pressure and cardiac output less effectively than did lactated Ringer's solution in our model. The ICP did not return to pre-shock values during resuscitation with hypertonic saline solution as it did with lactated Ringer's solution, but instead remained at the decreased values that were induced by shock. However, the marked decrease in ICP with 6 ml/kg of hypertonic saline solution, in comparison to previous findings in which 4 ml/kg of hypertonic saline solution were used, suggested a possible risk of subdural hematoma from excessive intracranial dehydration.I~ In contrast to the findings of Velasco, et al., 2~ the effects of hypertonic saline solution on systemic hemodynamics in our Group 2 dogs were transient, having largely disappeared by 1 hour after resuscitation. In addition, systemic oxygen transport was poorly restored compared to results with lactated Ringer's solution (Group 1). From the standpoint of cerebral hemodynamics, ICP was significantly lower in the hypertonic saline group, but the cerebral perfusion pressure remained virtually identical since mean arterial pressure was also somewhat lower. Cerebral blood flow was not restored to a greater extent in the hypertonic saline group and, more importantly, cerebral oxygen transport declined with resuscitation as it did in the conventional crystalloid group. These data suggest that hemodilutional resuscitation from shock with conventional crystalloid or hypertonic crystalloid solutions, unlike resuscitation with colloid-containing solutions, fails to improve CBF significantly during resuscitation. Perhaps a hypertonic resuscitation fluid, in combination with colloid, would improve CBF while maintaining a lower ICP.
In these animals with normal baseline ICP, hypertonic saline solution did not improve CBF. However, further studies on animals with hemorrhagic shock superimposed on an intracranial mass lesion might produce different results. These data suggest that the value of hypertonic saline solution as a resuscitation fluid may be limited to the initial resuscitation period. Further studies are required to determine the optimal volume and concentration of hypertonic solutions, to compare hypertonic to hyperoncotic solutions, and to determine if the difference in ICP after resuscitation is greater in the presence of experimental intracranial hypertension.
